Abstract Leaf hairs may assist in maintaining high leaf water use efficiency in tropical secondary forest tree species. We compared leaf temperature, transpiration, photosynthesis and water use efficiency between hairy and depilated leaves in Mallotus macrostachyus (Euphorbiaceae), to determine the role of leaf hair in leaf water use efficiency (WUE) in tropical degraded secondary forest in Malaysia. Measurements were made on five mature individuals growing in sun-exposed conditions and five in shaded conditions. The hair dry weight per unit leaf area was significantly greater in sun leaves than in shade leaves. The transpiration rate (Tr max ) of depilated leaves in sunexposed conditions was slightly higher than in hairy leaves in both morning and afternoon measurements. In contrast, Tr max in the shade leaves was almost identical in hairy and depilated leaves. Leaf stomatal conductance (g s ) in the morning showed almost the same value among leaf types and light conditions. In the afternoon, g s slightly decreased from the morning values in both sun and shade conditions. In the morning, the leaf water use efficiency (A max /Tr max ) in both conditions did not differ significantly between hairy and depilated leaves. However, in the afternoon, WUE in the depilated leaves was significantly lower than in hairy leaves in sun-exposed conditions. These observations suggest that leaf hairs in M. macrostachyus contribute to the high leaf water use efficiency in drought conditions, such as high vapor pressure deficit experienced at midday in degraded tropical secondary forests.
Introduction
Leaf hairs occur in various plant species in many shapes and arrangements (Esau 1953; Johnson 1975) . Leaf hairs have several physiological and ecological roles, including UV protection (Karabourniotis et al. 1992; Ripley et al. 1999; Gregoriou et al. 2007 ), reduction of boundary layer conductance and leaf transpiration rate (Wuenscher 1970; Parkhurst 1976; Schreuder et al. 2001) , reduction of the leaf temperature (Ehleringer and Bjorkman 1978; Ehleringer and Mooney 1978) , and reduction of solar radiation received (Gausman and Cardenas 1969; Ehleringer et al. 1976) . These roles are important in stressful environments, such as coastal dunes and arid land, in reducing the effects of strong sunlight, high temperatures and drought (Johnson 1975) . In fact, leaf hair density is higher in the dry season than in the wet season (Smith and Nobel 1977; Aronne and Micco 2001) , and is significantly correlated with both temperature and radiation in single species of temperate trees (Pérez-Estrada et al. 2000) .
The tropical rainforest environment is humid all year round, and many tree species grow in low water stress conditions, especially in the inner forest (Whitmore 1998; Kenzo et al. 2007b) . Dense leaf hair is uncommon in tropical rainforest tree species (Richards 1952; Bongers and Popma 1990; Turner 2001) ; of 250 tropical rainforest tree species in Venezuela, only 15 had a dense covering of hairs (Roth 1984) . The open grass land and large canopy gap that arises after forest disturbance usually gives rise to drought conditions, with high vapor pressure deficits, low soil moisture, high temperature and strong sunlight, even in tropical rainforest (Whitmore 1998; Kenzo et al. 2007a) . Consequently, leaves of tropical secondary forest trees, which rapidly invade disturbed areas, experience strong drought stress. The leaf hairs of these trees may reduce water consumption due to transpiration under drought conditions in the secondary forest. In fact, leaves of tropical secondary forest trees usually have dense leaf hairs at the abaxial and/or adaxial leaf surface (Coley 1983; Hölscher et al. 2004) . Moreover, many tropical xerophyllous leaves also have dense leaf hairs (Sobrado and Medina 1980) . However, there are conflicting observations concerning reduction of the transpiration rate by leaf hairs in various plant species in temperate and arid regions (Johnson 1975) . Some authors report that leaf hairs do not impair water loss from leaves of several species (Sayre 1920; Smith and Hare 2004) , but other studies indicate that leaf hairs reduce the transpiration rate (Woodman and Fernandes 1991; Gutschick 1999; Roy et al. 1999 ). These differences may be due to interspecific differences and to physical damage affecting stomatal openness or leaf epidermis during removal of leaf hairs by shaving or peeling in those experiments.
Mallotus macrostachyus (Miq.) Müll. Arg. (Euphorbiaceae) is a widespread species that is common in tropical secondary forest in Southeast Asia (Airy Shaw 1975; Slik et al. 2000) . This species may have strong drought tolerance because it can survive on strongly degraded open land and rapidly invade such areas (Slik et al. 2000) . Hairs grow densely on the lower surface of the leaves (Airy Shaw 1975) . In this study, we compare leaf transpiration and the photosynthetic rate between normal leaves and leaves with the hairs removed, to determine whether leaf hairs contribute to leaf water use efficiency in this species. This knowledge may contribute to understand the ability of leaf hairs to leaf drought tolerance on tropical secondary forest tree species. We also consider physical damage to leaf stomata and epidermis due to artificial removal of the leaf hairs. Stomatal openness and the leaf epidermis after hair removal were observed by handy digital microscope at intact condition to exclude the influence of the depilation damage.
Materials and methods

Study site
The study was conducted at the Ayer Hitam Forest Reserve (1,248 ha; 3°00 0 N, 101°38 0 E), Selangor, Malaysia. The area has a humid tropical climate, with weak seasonal changes in rainfall and temperature. Annual rainfall and average temperature are about 2,700 mm and 25.3°C. The study plot was typical degraded secondary forest, and consisted mainly of pioneer tree species such as genera Macaranga, Mallotus, Artocarpus and Ficus (Kenzo et al. 2008a) . Tree height in the forest varies from 10 to 25 m.
Plant material and leaf hair removal
Mallotus macrostachyus is a common pioneer tree species that appears mainly in severely disturbed secondary forest, typically after fire or sifting-cultivation (Airy Shaw 1975; Slik et al. 2000) . Trees reach from 10 to 12 m in height. The leaf lower surface is densely covered with wooly hair of a brown-creamy color (Slik et al. 2000) .
Five sun-exposed and five shade leaves, fully expanded and apparently non-senescing, were selected from ten trees. Sun-exposed leaves experience direct sunlight during daytime, from approximately 0800 to 1600 hours. In contrast, shade leaves mostly receive diffuse light, except for sun flecks. The leaf hairs were only removed over approximately half of the leaf, for comparison of the presence and absence of hair existence upon leaf water use efficiency (WUE). The hairs were carefully removed by applying adhesive tape to the leaf lower surface (Ripley et al. 1999; Gregoriou et al. 2007 ). Hair dry weight was calculated by comparing the weight of hairy and depilated leaf parts. All measurements were made on the same leaves at their hairy part and depilated parts.
Physiological measurements and microscope observation
The leaf maximum photosynthesis (A max ), stomatal conductance (g s ) and transpiration rate (Tr max ) at light saturation were measured 5 days after depilation in June 2007 by a portable photosynthesis meter (LI-6400; Li-Cor, Lincoln, Neb.); see Kenzo et al. (2006) . The day of measurement day was sunny and all selected sun-exposed leaves experienced direct sunlight throughout the measurements. All measurements took place from 0900 to 1000 hours in the morning and 1230 to 1330 hours in the afternoon. The light intensity in the measurements was controlled to be 1,700 lmol photon m -2 s -1 , which was the mean light intensity in the measurement of sun-exposed leaves in intact condition, and ensures photosynthetic light saturation in this species. The CO 2 concentration in the chamber was maintained at 360 ppm. Air temperature and humidity were ambient. These measurement conditions in the chamber were the same for sun and shade leaves. The WUE, which is the ratio of A max to Tr max , was then calculated (Maruyama et al. 1997 ).
The leaf lower surface before and after removal of leaf hairs was observed using a portable digital microscope with camera (DG-3; Scalar, Tokyo, Japan). This microscope can be used in field conditions; magnification is up to 500 times (Kenzo et al. 2008b) . Stomatal openness just after the gas exchange measurements was also observed by the microscope.
Statistical analysis
The t-test was used to determine the significance of difference of leaf hair weight between sun and shade leaves (P \ 0.05). The significance of difference between treatments for leaf temperature, vapour pressure deficits (VPD), photosynthetic rate, transpiration rate, and WUE was analyzed by Scheffe's multiple comparison test (P \ 0.05). All statistical analyses were conducted using SPSS ver. 11.5 for Windows (SPSS Japan, Tokyo, Japan).
Results
Digital microscope observations of intact leaf surface revealed that most leaf hairs were removed by the adhesive tape treatment, and that physical damage to the leaf stomata and epidermis did not occur upon removal of the leaf hairs (Fig. 1b, d ). The leaf hair dry weight per unit leaf area differed significantly between sun and shade leaves (t-test: P \ 0.05 ; Fig. 1a, c) . Values were approximately 0.29 ± 0.04 mg cm -2 in shade leaves and 0.45 ± 0.05 mg cm -2 in sun leaves.
Leaf temperature in the sun leaves increased significantly, from 34.2°C in the morning to 36.2°C in the afternoon, in both hairy and depilated leaves (Fig. 2a) . In contrast, the leaf temperature of shade leaves showed almost the same value, approximately 32.7°C in the morning and 33.6°C in the afternoon; these values are significantly lower than those measured in sun leaves (P \ 0.05; Fig. 2a) . The VPDs in the afternoon were higher than in the morning in both sun and shade leaves (Fig. 2b) . The VPD of sun leaves was also significantly higher than for shade leaves throughout the measurement period (Fig. 2b) . The leaf temperature and VPD values did not differ significantly between hairy and depilated leaves during the measurement period.
In sun-exposed conditions, the leaf photosynthetic rates at light saturation (A max ) fell from approximately 13.5 lmol CO 2 m -2 s -1 in the morning to 11.5 in the afternoon, though A max did not differ significantly between hairy and depilated leaves (P [ 0.05, Fig. 2c ). In contrast, A max in shade conditions took almost the same value in the morning (11.0 lmol CO 2 m -2 s -1 ) as in the afternoon (10.3 lmol CO 2 m -2 s -1 ), and there were no significant differences between hairy and depilated leaves (Fig. 2c) .
The transpiration rate (Tr max ) of depilated leaves in sunexposed conditions was slightly greater than for hairy leaves through the measurement period, though there was no significant difference between hairy and depilated leaves (P [ 0.05; Fig. 2d ). In contrast, Tr max in the shade condition took almost identical values in hairy and depilated leaves in both the morning and afternoon (Fig. 2d) . Leaf stomatal conductance (g s ) in the morning showed almost the same value (0.4 mol m -2 s -1
) among leaf types and light conditions (P [ 0.05; Fig. 2e ). In the afternoon, ; Fig. 2e ). In the morning, the leaf WUE (A max /Tr max ) between hairy and depilated leaves did not differ in either sun or shade conditions (Fig. 2f) . In the afternoon, however, WUE in the depilated leaves was significantly lower than in hairy leaves in sun-exposed conditions (P \ 0.05; Fig. 2f ).
Discussion
The leaf maximum photosynthetic rate (A max ) and transpiration rate (Tr max ) at light saturation in M. macrostachyus were significantly higher than in various late successional tropical rainforest tree species, and were similar to many secondary forest trees in Southeast Asia (Tan et al. 1994; Davies 1998; Eschenbach et al. 1998; Ishida et al. 1999; Turner 2001) . The high value of Tr max in this species may give rise to a strong water defect in leaves under drought conditions, as found in degraded secondary forest. Maintenance of high leaf WUE is therefore advantageous for growth and survival in drought conditions (Kramer 1983; Maruyama et al. 1997) .
Leaf hairs in M. macrostachyus contributed to maintain high leaf WUE in drought conditions, as experienced in the high midday VPD in degraded tropical secondary forest (Fig. 2f) . Hairy leaves usually have a thicker leaf boundary layer, which protects transpiration from the stomata, than depilated leaves (Wuenscher 1970; Parkhurst 1976; Schreuder et al. 2001) . The high afternoon WUE may be due to the relatively low transpiration rate in hairy leaves having a thick boundary layer. Leaf hairs may also contribute to high WUE under low wind condition, because boundary layer thickness increased with decreasing wind speed and suppressed the transpiration rate (Schuepp 1999; Yabuki 2004) . A max in depilated sun leaves slightly decreased in the afternoon, despite the Tr max in the leaves being slightly increased. This reduction of A max may relate not only to changes of leaf boundary layer but also to high leaf temperature and/or reduction of g s in the afternoon. In fact, leaf temperature of the depilated leaves in the afternoon exceeded 36°C (Fig. 2a) , which was a significantly high temperature for optimum photosynthesis of most tropical plants (Larcher, 2003) , and g s decreased approximately 10% from the morning value (0.40 mol m -2 s -1 ) to the afternoon value (0.35 mol m -2 s -1 ). Leaf hairs in relatively wet conditions, such as shade and in the morning, may have only limited effects on leaf WUE, temperature and physiological traits such as transpiration and photosynthetic rate (Fig. 2) . In wet conditions, leaf hairs may be less important to WUE than in drought conditions. The leaf hair density in any species generally reduces with decreasing drought stress (Smith and Nobel 1977; Aronne and Micco 2001; Pérez-Estrada et al. 2000) ; the low leaf hair mass per unit area on shade leaves observed in the present study (Fig. 1a, c) is consistent with this observation. Tr max in shade leaves decreased in the afternoon, though VPD in shade leaves was lower than that in sun leaves (Fig. 2b, d ). This reduction may suggest that the susceptibly to VPD differed between leaf types in the species.
From our study, the high WUE by the existence of leaf hairs in drought conditions of secondary forest may therefore explain why many tropical secondary forest trees have dense leaf hairs even in a wet tropical climate. In addition, leaf hairs of M. macrostachyus may have a protecting role from herbivores, because leaf hairs of several plants contribute to leaf defense against herbivore attack (Levin 1973; Schoener 1987; Letourneau et al. 1993; Gutshick 1999) . Further study of the combined role of leaf hairs in leaf physiology and herbivore defense would provide a greater understanding of how this species and others maintain leaf hairs in tropical secondary forests.
